Risk alleles for complex diseases are widely spread throughout human populations. However, little is known about the geographic distribution and frequencies of risk alleles, which may contribute to differences in disease susceptibility and prevalence among populations. Here, we focus on Crohn's disease (CD) as a model for the evolutionary study of complex disease alleles. Recent genome-wide association studies and classical linkage analyses have identified more than 70 susceptible genomic regions for CD in Europeans, but only a few have been confirmed in non-European populations. Our analysis of eight European-specific susceptibility genes using HapMap data shows that at the NOD2 locus the CD-risk alleles are linked with a haplotype specific to CEU at a frequency that is significantly higher compared with the entire genome. We subsequently examined nine global populations and found that the CD-risk alleles spread through hitchhiking with a high-frequency haplotype (H1) exclusive to Europeans. To examine the neutrality of NOD2, we performed phylogenetic network analyses, coalescent simulation, protein structural prediction, characterization of mutation patterns, and estimations of population growth and time to most recent common ancestor (TMRCA). We found that while H1 was significantly prevalent in European populations, the H1 TMRCA predated human migration out of Africa. H1 is likely to have undergone negative selection because 1) the root of H1 genealogy is defined by a preexisting amino acid substitution that causes serious conformational changes to the NOD2 protein, 2) the haplotype has almost become extinct in Africa, and 3) the haplotype has not been affected by the recent European expansion reflected in the other haplotypes. Nevertheless, H1 has survived in European populations, suggesting that the haplotype is advantageous to this group. We propose that several CD-risk alleles, which destabilize and disrupt the NOD2 protein, have been maintained by natural selection on standing variation because the deleterious haplotype of NOD2 is advantageous in diploid individuals due to heterozygote advantage and/or intergenic interactions.
Introduction
It is of great interest how complex disease-associated mutations are maintained in the human gene pool (Pritchard 2001; Di Rienzo and Hudson 2005; Di Rienzo 2006) . Many known complex disease alleles are subsets of genetic variants that are spread over geographically separated populations (Myles et al. 2008) . The frequencies of mildly deleterious mutations that contribute to complex diseases are predicted to fluctuate in the manner of neutral evolution when the effective population size is small (Ohta 1973) . Population genetics studies on genome-wide polymorphism data have revealed that the frequencies of deleterious mutations vary due to random genetic drift following human demographic history, the tract of which is typically shown in the Outof-Africa expansion model (Lohmueller et al. 2008 ). However, it remains unknown whether such complex disease risk alleles can be explained solely by stochastic fluctuations following demographic and migration events.
Crohn's disease (CD) is a highly heritable and complex disease characterized by chronic inflammation of the gastrointestinal tract (Mathew 2008 ). Genome-wide association studies (GWAS) have successfully detected more than 70 CD-susceptible genomic regions (Franke et al. 2010) . The prevalence of CD is considerably higher in people of Europeans descent (2.2 and 13 million people in Europe and North America, respectively) than those descending from other geographical regions (Economou and Pappas 2008; Yazdanyar et al. 2010) . Most of the CD-susceptibility alleles have been identified in populations of European ancestry by GWAS (Duerr et al. 2006; Franke et al. 2007; Libioulle et al. 2007; Raelson et al. 2007; Rioux et al. 2007; Barrett et al. 2008; Kugathasan et al. 2008 ) and early linkage analyses (Hugot et al. 2001; Ogura et al. 2001) . However, significant associations between these genomic regions and CD have not been detected in non-European populations (Croucher et al. 2003; Zaahl et al. 2005; Nakagome et al. 2010) , suggesting that there is a population-specific susceptibility to CD.
The question remains whether the population specificity of CD can be attributed to the neutrality of the CDsusceptible genomic regions. Uneven distributions of particular alleles and haplotypes are thought to be signals of natural selection, which may be a recent adaptation to the environment (Oota et al. 2004; Han et al. 2007) . A classic example of a disease-causative allele maintained by environmental adaptation is that associated with sickle cell, which causes severe anemia, but its frequency is highly maintained in particular geographical regions because it confers resistance to malaria (Pasvol et al. 1978) . However, few previous studies based on HapMap and CEPH-Human Genome Diversity Panel data have revealed a signal of natural selection that has operated on the CD-susceptible genomic regions using conventional tests, such as extended haplotype homozygosity (EHH) (Sabeti et al. 2002) , integrated haplotype score (iHS) (Voight et al. 2006; Pickrell et al. 2009 ) for positive selection (typically, selective sweep), or Tajima's D (TD) (Tajima 1989) for balancing selection.
Recent theoretical and empirical studies have suggested the importance of ''soft sweeps,'' including polygenic adaptation and positive selection on preexisting (i.e., standing) variation, which is more difficult to detect using conventional tests than ''hard sweeps'' or positive selection on newborn (novel) variation (Hermisson and Pennings 2005; Pritchard and Di Rienzo 2010; Hancock et al. 2011 ). An example of a soft sweep can be illustrated by artificial selection through domestication. Although a hard sweep on a novel variant would leave a large homogeneous region surrounding the advantageous allele, selection on a previously neutral or nearly neutral standing genetic variant, such as those artificially selected during domestication, is more likely to exist on multiple haplotypes and, as such, would not leave a selective footprint such as that found from hard sweeps (Innan and Kim 2004) . Similar to artificial selection, when natural selection acts on a standing variation in a particular population, all haplotypes harboring the advantageous allele would increase in the population and thus the allele would be found on multiple haplotypes in both selected and nonselected populations depending upon its frequency and its probability of recombining into alternative backgrounds. Here, we examine CD-susceptibility loci as a model for determining the mechanism that maintains alleles involved in complex diseases. We tested eight CD-associated loci that are mostly European specific, confirmed previously using Japanese samples (Nakagome et al. 2010) , to determine whether these genomic regions evolved under neutrality based on the Out-of-Africa model. We then genotyped and resequenced nine global populations at the NOD2 locus and propose a new complex mechanism whereby mildly deleterious mutations have been maintained in humans by natural selection on standing variation.
Materials and Methods

Preliminary Analysis of Eight CD-Susceptibility Loci Using HapMap Data
We compiled a list of the CD-associated SNP sites and CD-risk alleles reported in the National Human Genome Research Institute database (http://www.genome.gov/gwastudies/) (Hindorff et al. 2009 ) and previous GWAS (supplementary table 1, Supplementary Material online). To compare the frequencies of haplotypes for which the CD-risk alleles were linked among the HapMap populations (The International HapMap Consortium 2005; The International HapMap Consortium 2007), we first selected the SNP sites that were shared among all populations (YRI, CEU, CHB, and JPT). These background SNPs were located in 5# and 3# flanking regions and gene regions and selected based on their allele frequencies and spatial intervals (supplementary appendix I, Supplementary Material online). In regards to the allele frequency, background SNPs were chosen when the expected heterozygosity was estimated to be greater than 0.2 in at least three of the four HapMap populations. This is because the SNPs shared among all HapMap populations at intermediate frequencies are likely to be old and predate the divergence of human populations (before the Out-of-Africa migration 100,000 years ago), and such SNPs have greater potential to produce high r 2 -values than low-frequency alleles (Nordborg and Tavare 2002; VanLiere and Rosenberg 2008) . In regards to spatial interval, the SNP sites were chosen when the interval between them was 2-16 kb. This is because linkage disequilibrium (LD) blocks generally extend up to 50 kb in non-African populations and is less than 10 kb in African populations due to bottlenecks and recent population growth in non-Africans (Tishkoff and Williams 2002; Kidd et al. 2004) . We investigated LD blocks defined by pairwise r 2 -values among the background SNPs using HAPLOT (initial r 2 . 0.4, average r 2 . 0.3, minimum r 2 . 0.1) (Gu et al. 2005) and excluded SNPs located in flanking regions when they were outside the blocks in all HapMap populations (supplementary fig. 1a , Supplementary Material online).
We also estimated the haplotypes consisting of the background SNPs and combined the haplotypes found at less than 3% in any populations (YRI, CEU, and CHB þ JPT) into residuals. We then determined which haplotypes were linked with the CD-risk alleles (CD-haplotypes). Nakagome et al. · doi:10.1093/molbev/mss006 
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The CD-risk alleles selected may not be causal variants but index SNPs chosen as markers. However, we can expect that truly causal variants are located on the CD-haplotypes because of LD. To avoid any uncertainty from phasing about the residuals, we focused on the CD-haplotypes with frequencies of more than 3% in a population (supplementary fig. 1b, Supplementary Material online) .
In order to determine whether the observed geographic differences in the CD-haplotype frequencies were the results of outliers in the genome, we divided genome-wide phased haplotypes (Public Release #21a) into ''windows'' defined by the total number of background SNPs (minor allele frequency, MAF ! 5%) and their intervals. Based on the allele frequency for each SNP site, we screened SNP sites with a MAF of less than 5%. We chose background SNPs with intervals that were defined as a range of lengths (minimum lengths are listed in supplementary appendix I, Supplementary Material online and maximum lengths were the minimum length þ 10 kb). Reconstructions of haplotypes were started from the most 5# SNP of the background SNPs in each chromosome according to the interval. If the number of background SNPs reached the number analyzed for each susceptibility locus (NOD2, 12 SNPs; IL23R, 16 SNPs; TNFSF15, 6 SNPs; supplementary fig. 1b , Supplementary Material online), then we determined the haplotypes in this window and calculated their frequencies in each population. We started a new haplotype reconstruction from the next background SNP site to the last SNP site in the previous window and repeated the analysis until we reached the last window located at the 3#-end. Finally, we obtained data sets of haplotype frequencies defined by background SNPs across the entire genome. When no background SNP was obtained within the given intervals, the windows were removed, and the new windows were defined from the next background SNP site.
To visualize genome-wide patterns of geographic differences in haplotype frequencies, we generated 2D histograms of pairwise joint haplotype frequency distributions (HFDs) for the eight CD loci: CEU versus YRI, CHB þ JPT versus YRI, and CHB þ JPT versus CEU (from top to bottom in supplementary fig. 2 , Supplementary Material online). To investigate the significance of haplotype frequency in CEU in more detail, we performed a genome-wide haplotype analysis for the NOD2 locus with the windows defined by LD and also by the number of SNPs and their intervals described above (supplementary fig. 3 , Supplementary Material online). Pairwise r 2 -values were calculated among background SNPs, and the empirical distribution was generated with windows screened with the average r 2 -values greater than 0.477 (observed NOD2 value in CEU).
DNA Samples
SNP genotyping and sequencing was done on 192 individuals from four African populations and 358 individuals from five non-African populations. Detailed information about the African and European samples can be found in ALFRED (http://alfred.med.yale.edu) using the following unique IDs: African populations consisted of Biaka Pygmy (N 5 70; UID ''PO000005F''), Hausa (N 5 38; UID ''PO000097''), Mbuti Pygmy (N 5 39; UID ''PO000006J''), and Chagga (N 5 45; UID ''PO000324J''). European populations consisted of Adygei (N 5 54; UID ''PO000017I''), Irish (N 5 112; UID ''PO000057M''), Russians (N 5 48; UID ''PO000019K''), and Danes (N 5 49; UID ''PO000007H''). In this study, Japanese (N 5 95), the DNA of which was purchased from the Japan Health Science Foundation, were considered as ''East Asians'' since we focused on the relationship between Europeans and Africans. The Ethics Committee for Human Subjects at the University of Tokyo, Kitasato University School of Medicine and the Yale University School of Medicine approved all sampling protocols.
SNP Genotyping
We conducted genotyping for the same 12 SNPs as done in the preliminary analysis based on the HapMap database (supplementary appendix I, Supplementary Material online) in order to further characterize geographic haplotype patterns of the NOD2 locus. In addition, one CD-associated SNP site (rs2066842: SNP#7) was also genotyped (supplementary fig. 4 , Supplementary Material online). All SNPs were genotyped in the 550 individuals from the global samples mentioned previously. SNP typing was performed using TaqMan Genotyping Master Mix and TaqMan SNP genotyping assays (Applied Biosystems, Tokyo) on the LightCycler 480 System II (Roche Diagnostics, Tokyo). For all the SNPs in all the populations, we examined whether the Hardy-Weinberg equilibrium was significantly rejected at P , 0.01 using HAPLOT (Gu et al. 2005 ) before subsequent analyses. Furthermore, the LD structures among the 12 common SNP sites were defined in each population with the same criteria described above (supplementary fig. 5a , Supplementary Material online). The ancestral alleles for all the SNP sites were inferred by comparing to chimpanzee and orangutan reference sequences (101 bp centered around the SNP site).
Sequence Analysis
Polymerase chain reaction (PCR)-amplification was conducted using the primers listed in supplementary appendix II, Supplementary Material online. We analyzed a total of 3,016 bp sequences from the NOD2 locus (supplementary fig. 4 , Supplementary Material online), including 1,021 bp from exon 4, 1,642 bp from introns 7 to 9, and 353 bp from introns 10 to 11. We also sequenced two other CD loci: 640 bp from introns 7 to 8 of IL23R and 513 bp of 10q21. PCR products were purified by precipitation with 30% polyethylene glycol 6000. The DNA sequencing reaction was performed using the BigDye terminator cycle-sequencing kit version 3.1 according to the manufacturer's protocol (Applied Biosystems, Tokyo). The samples were then purified by ethanol precipitation with 3.4 mM EDTA (pH 8.1) and 81.1 mM sodium acetate. All nucleotide sequence data were obtained by ABI3130 and ABI3730 DNA Analyzers (Applied Biosystems, Tokyo). Base calling and detection of heterozygotes were performed using Sequencing Natural Selection on NOD2 Associated with CD · doi:10.1093/molbev/mss006 MBE Analysis Software v5.2 (Applied Biosystems, Tokyo) followed by visual inspection for SNPs. All variants were confirmed by reading both strands, and all singletons were systematically reamplified and resequenced. Sequences were aligned with Clustal W, which was installed in MEGA (Tamura et al. 2007 ). An ancestral allele for each SNP site was inferred by alignment with chimpanzee and orangutan reference sequences. Except for one frameshift mutation for CD-risk allele rs2066847 (SNP#35 in supplementary  fig. 4 , Supplementary Material online), insertion/deletion polymorphisms were excluded from subsequent analyses.
Summary statistics of sequence diversity, such as nucleotide diversity (p), Tajima's D (TD), Fu and Li's D (FLD) , and Fu and Li's F (FLF), were calculated using DnaSP version 5.0 (Librado and Rozas 2009) . The significance of these statistics was obtained from the null distribution of 1,000 coalescent simulations under the constant size model using DnaSP.
Haplotype Phase Estimation
Phased haplotypes were estimated on the basis of the Bayesian statistical method using PHASE v.2.1 (Stephens et al. 2001 ) with population label information. We obtained 25 SNP sites from the sequencing analysis and 13 SNP sites from the SNP genotyping (12 background SNPs and SNP#7, supplementary fig. 4 , Supplementary Material online). We reconstructed individual phases comprising the 38 total SNP sites spanning 57 kb in the NOD2 locus by applying the algorithm three times using different seeds. We adopted the haplotypes for which consistent results were obtained in at least two of the three runs performed with different seeds. For the frameshift mutation (SNP#35), the ancestral (no insertion) and the derived (C insertion) states were treated as 0 and 1, respectively.
Phylogenetic Network Analysis
Phylogenetic networks of the NOD2 haplotypes were constructed for each population and combined geographic populations (Africans, Europeans, and East Asians), using the median-joining algorithm of Network 4.5.1.6 (Bandelt et al. 1999) for the 38 SNP sites. To determine the distribution of the mutations in the genealogy of the NOD2 locus, we initially defined the backbone, or internal branches, of the networks using the 12 SNP sites common to both African and non-African populations (14) (15) 17, 34, (37) (38) supplementary fig. 4 , Supplementary Material online). We constructed the networks based on the major haplotypes with frequencies of more than 3% in a population in order to remove ambiguous phasing for the minor 12 SNP haplotypes, which may be generated from artificial phasing or very recent recombinants. On the basis of the backbone network of global populations shown in supplementary figure 5b (Supplementary Material online), we constructed the backbone networks of African, East Asian, and European populations (only the European backbone network is shown in supplementary  fig. 5c , Supplementary Material online). Subsequently, we added the European-specific mutations, including both CD-associated alleles (SNP#7, 9, 13, 26, 30, 31, and 35) and non-CD-associated alleles, into the network and obtained complete networks for the 38 SNP haplotypes (data not shown for the African and East Asian networks). The root was inferred by assuming that the chimpanzee and orangutan allelic state at each SNP was ancestral.
Coalescent Simulation for Haplotype Analysis
We generated neutral patterns of genetic variation using the coalescent simulator ''ms'' (Hudson 2002) under the Out-of-Africa model (supplementary table 2, Supplementary Material online) (Gutenkunst et al. 2009 ) to determine the statistical significance of the observed geographic distribution for the CD-haplotype in the NOD2 locus among global human populations. This model does not necessarily follow the true history of human populations. However, we confirmed that the pairwise HFDs generated from coalescent simulations fitted approximately with those from genomewide patterns of haplotypes shown in supplementary figure 2, Supplementary Material online, under given window sizes (data not shown), suggesting that the simulated conditions were appropriate to evaluate neutral patterns of haplotype frequencies.
Distributions of haplotype frequencies in CEU or Europeans were generated from our coalescent simulations in order to compare the observed frequency with neutral expectations. The coalescent simulations were performed by specifying scaled mutation and recombination rates as well as demographic parameters. We adjusted the simulated data to the real genomic region of NOD2 by setting the genomic region sizes and the genetic maps (cM) (Public Release #21a) between the first (rs4785223) and final (rs751919) SNP in the NOD2 locus. Similar to the window analysis, we selected the background SNPs from the most 5# SNP in the simulated data sets, which had an MAF ! 5% in any one of the African, European, or East Asian populations. The intervals between background SNPs were initially defined by more than 57 kb/ 12 SNPs (the genomic region size/the number of SNPs) (supplementary appendix I, Supplementary Material online). Perfect matching to the interval conditions resulted in insufficient simulation. If none of the background SNPs was obtained under the initial condition, the interval was gradually narrowed to 80%, 60%, 40%, and 20% of the initial condition. We discarded data sets when we did not find the next background SNP under all interval conditions. We repeated the simulations for 10,000 data sets and reconstructed the haplotypes of all chromosomes, assuming that the HapMap populations included YRI (2N 5 120), CEU (2N 5 120), and CHB þ JPT (2N 5 180) or that the global human populations included Africans (2N 5 384), Europeans (2N 5 526), and East Asians (2N 5 190). We then generated the histograms of simulated distributions for the CEU-specific haplotypes or the European haplotypes that were observed in Africans ( 0.5%) and East Asians (0%). We calculated the empirical P values by comparing the fraction of haplotypes greater than the observed frequency in CEU (33%) or Europeans (18%) to the total haplotypes.
We conducted comprehensive coalescent simulations based on 2 13 combinations of demographic parameters A 3D model of the entire NOD2 amino acid sequence was generated using the FRankenstein's Monster method (Kosinski et al. 2003) . The mutual position of the three main structural units in the model is arbitrary and the atomic details are only predictions. Nonetheless, the model is expected to be accurate on the level of interresidue contacts within individual domains and hence can be used to aid in the prediction of the effect of residue substitutions resulting from mutations.
We predicted the effects of amino acid substitutions on protein stability and function for SNP#7, 13, 26, 27, 33, and 35 based on the following methods: SNPs3D (Yue et al. 2006) , CUPSAT (Parthiban et al. 2006) , SIFT (Ng and Henikoff 2001) , MutPred (Li et al. 2009 ), PopMusic (Gilis and Rooman 2000) , MUpro (Cheng et al. 2006) , PhD-SNP (Capriotti et al. 2006 ), I-Mutant2.0 (Capriotti et al. 2005) , and PolyPhen (Adzhubei et al. 2010) . The model structure was used as an input wherever possible; otherwise the NOD2 amino acid sequence was used. The degree of agreement among the majority of predictors was interpreted as an indication of the robustness of the consensus prediction. Predictions supported by more than 50% of methods were regarded as likely to be true, and their effect on the structure and function was additionally inferred from visual inspection of a predicted change in the modeled structure. In particular, the effect of the substitution on residue packing, electrostatic, hydrophobic, and polar interactions, the propensity for order/disorder, and secondary structure formation was taken into account. To further investigate the functional effects of the frameshift mutation (SNP#35), we predicted the ligand-binding regions around SNP#35 using the program Q-SiteFinder (Laurie and Jackson 2005) . Previous studies have shown that these regions are essential for interactions with bacterial lipopolysaccharides (LPS) (Hugot et al. 2001; Ogura et al. 2001) . We visualized the NOD2 protein structure on the highlighted regions around all the amino acid changes using the PyMOL Molecular Graphics System, Version 1.3 (Schrödinger, LLC).
Calculation of EHH and iHS
We examined the decay of EHH (Sabeti et al. 2002) for each of the 15 SNP alleles 9, (14) (15) 17, 31, 34, (37) (38) on the basis of the phased haplotype data sets in CEU (Public Release #22). We split all CEU chromosomes into two subsets of chromosomes, including those carrying the allele present on the H1 (H1 allele) and those carrying the non-H1 allele. For each subset, the EHH values were successively calculated between the core SNP site (each of the 15 SNP sites) and every upstream and downstream SNP site within 1.25 Mb. We plotted these values at given SNP sites and joined them with straight lines (supplementary fig. 7a , Supplementary Material online, blue for the non-H1 allele and red for the H1 allele). We further investigated the iHS using Haplotter (http://haplotter.uchicago.edu/) (Voight et al. 2006 ) on 2.5 Mb regions centering at the CD-associated SNP sites (SNP#7, 9, and 31) that define the root of H1 genealogy (supplementary fig. 7b , Supplementary Material online).
Comparison of the Number of Population-Specific Mutations
We determined the number of population-specific mutations (Africans, Europeans, or East Asians) for the three sequenced regions (NOD2, IL23R, and 10q21). These numbers were converted into a ratio of European-or East Asian-specific mutations to African-specific mutations (EUR/AFR or EAS/AFR). We used two publicly available data sets, the Seattle SNPs database (NHLBI Program for Genomic Application) and the National Institute of Environmental Health Sciences (NIEHS) Environmental Genome Project SNPs database (NIEHS Environmental Genome Project) to generate an empirical distribution of the ratio. We collected a total of 6.9 and 6. MBE the number of polymorphic sites specific to Africans or Europeans and calculated EUR/AFR for each gene. To make a histogram of the empirical distribution, we divided the ranges of the ratios into 0.2 bins. The fraction of the ratio greater than the observed ratio is considered as empirical P values.
Estimation of Population Growth Rates, Ages of Mutations, and Time to Most Recent Common Ancestor
We conducted coalescent simulations using the program GENETREE (Griffiths 2007 ) in order to generate maximum likelihood estimates for the scaled population mutation rate (h ML ), growth parameter (b ML ), time to most recent common ancestor (TMRCA), and ages of mutations for each of the haplogroups in Europeans (H1, H2, and H3) as well as for all of the NOD2 sequences in global populations. We obtained a genealogy of each haplogroup that was deduced from the path of mutations to the MRCA under the infinitely many-site model using the 3,016 bp of sequence data. For the global populations (supplementary fig. 8 , Supplementary Material online), we only used the 1,642 bp sequences from introns 7 to 9 since the LDs among the sequenced regions (exon 4, introns 7-9, and introns 10-11) were weak in the African population (supplementary fig.  5a , Supplementary Material online). Given the gene tree, we computed maximum likelihood values for the population mutation rate (h ML ) under the exponential growth model where we specified the range of h ML and b ML , respectively (Griffiths and Tavare 1994b) . The likelihood surfaces with respect to h ML or b ML were generated by the average likelihood values over 100,000 simulation runs. The h ML was then used to calculate the effective population size (N e ) on the basis of the mutation rate (1.421 Â 10
À9
/bp/year), which was calculated from the average number of substitutions between all human and chimpanzee sequences assuming a humanchimpanzee divergence time of 6.5 Ma (Patterson et al. 2006) .
The empirical distributions of the TMRCA and ages of mutations were obtained based on the likelihood estimated from each simulation run conditional in the topology of the gene tree, h ML , and b ML . Coalescent dates were translated to chronological time using a 25-year mean intergeneration interval. Based on the TMRCA (generations), b ML , and N e values, the effective population size at the TMRCA, N t , was calculated by:
where t was a scaled time with TMRCA/2N e (generations) (Balding et al. 2007 ). Then, the growth rate per generation (a) was obtained from:
We depicted the history of effective population size changes and mutation accumulations from N t at TMRCA to N e at the present.
Results
We initially examined eight CD-susceptibility loci based on HapMap data. The associations to CD of the eight loci have been reproduced in populations of European ancestry in more than two independent and previously reported investigations (supplementary table 1, Supplementary Material online) and are absent in East Asians (Nakagome et al. 2010) . In our preliminary analysis, we compared the frequencies of the haplotypes linked with the CD-risk alleles in the HapMap populations (YRI, CEU, CHB þ JPT). We found that most of the CD-risk alleles for each locus were located on multiple haplotypes (CD-haplotypes) in a population, and these CD-haplotypes were usually shared among the HapMap populations (supplementary fig. 1b , Supplementary Material online). To further investigate the geographic differences of shared and population-specific haplotype frequencies, we generated 2D histograms of pairwise HFDs (supplementary fig. 2 , Supplementary Material online). For the HFDs in CEU versus YRI or CHB þ JPT versus YRI, the shared haplotype frequencies tended to be higher in CEU or CHB þ JPT than YRI. In contrast, the HFDs were relatively correlated between CHB þ JPT and CEU. These patterns of HFDs were mostly identical to those from coalescent simulations under the Out-of-Africa model (supplementary table 2, Supplementary Material online), representing the effects of human demography such as bottlenecks and recent population expansion in non-Africans (data not shown). We then plotted the observed differences in CD-haplotype frequencies on the bins in the HFDs (shown as gray squares in supplementary fig. 2 , Supplementary Material online). As expected, most of the frequencies of the CD-haplotypes that were shared between populations or were specific to a population could be explained by demographic effects, indicating that these differences were negligible in terms of entire genomic regions.
We found that except for the NOD2 locus, all the geographic variation of CD-risk allele frequencies for all the loci can be explained by genetic drift and demography (supplementary figs. 1 and 2 and table 1, Supplementary Material online). However, the three CD-risk alleles of NOD2 were present only in CEU (supplementary table 1, Supplementary Material online) and were exclusively linked to a CEU-specific haplotype (supplementary fig. 1b , Supplementary Material online, dark green [33%]). To determine whether this pattern was unusual in the human genome, we generated an empirical distribution of the CEU-specific haplotype frequency derived from genome-wide patterns of the 12 SNP haplotypes summarized in supplementary figure 2a, Supplementary Material online. We found that the observed frequency (33%: 40 chromosomes) appeared significantly in the tail of the entire distribution (P 5 0.00017) (fig. 1a ). This result was also supported by a window analysis including LD (P 5 0.00046) and a coalescent simulation (P 5 0.00007) (supplementary fig. 3, Supplementary Material online) . These results suggest that the CD-risk alleles on the NOD2 locus are involved in the unusual prevalence of the CEU-specific haplotype, which is difficult to explain by genetic drift and demography. Natural Selection on NOD2 Associated with CD · doi:10.1093/molbev/mss006
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Distributions of CD-Risk Alleles and Haplotypes in Global Human Populations
To determine whether the CEU specificity of the CD-risk alleles on NOD2 is common in European populations, we conducted genotyping and resequencing of the NOD2 locus (supplementary fig. 4 fig. 4 , Supplementary Material online). These patterns suggest that H2 and H3 originated in Africa and the European-specific mutations appeared on those haplotypes after the Out-of-Africa expansion. To determine whether demographic history accounts for the observed H1 distribution, we conducted a coalescent simulation on the basis of the demographic parameters assumed under the ''Outof-Africa'' model (supplementary table 2, Supplementary Material online). The empirical histogram indicated the haplotype frequency in Europeans, conditional on the frequencies in African ( 0.5%) and in East Asian (0%) populations; the observed frequency at the NOD2 locus in Europeans appeared significantly in the tail of the entire distribution (P 5 0.00759 in fig. 1b ). This result was also supported by the extensive demographic conditions (P 5 0.0173 in supplementary fig. 6 , Supplementary Material online), suggesting that the frequency and geographic distribution of H1 is unlikely to be explained by only demographic (evolutionary neutral) events. There are two possible scenarios for the distribution of H1. H1 either 1) originated and rapidly expanded in Europe after humans migrated out of Africa or Natural Selection on NOD2 Associated with CD · doi:10.1093/molbev/mss006 MBE 2) originated in Africa and was maintained in Europe but nearly lost in Africa. Both cases support the non-neutral evolution of NOD2, with the former (1) being a case of selective sweep from a novel mutation (recent sweep model) and the latter (2) an example of selection on preexisting variation (standing variation model). In either case, it is evident that the CD-risk I alleles, except for SNP#30, defining the root of H1 genealogy have spread by hitchhiking with H1.
Prediction of the Functional Effects of Each Amino Acid Change
We generated 3D models of the NOD2 protein, which consists of two N-terminal caspase activation and recruitment domains (CARDs), a centrally located NBD, and C-terminal tandem LRRs domain. We then used nine different methods to predict the effect of the nonsynonymous and frameshift mutations of the CD-associated SNP sites on protein stability and function (fig. 4) . The European-specific nonsynonymous substitutions (SNP#13 Arg702Trp; SNP#26 Gly908Arg) that appeared on the external branches of H1 genealogy were located in the SH and the LRRs domain, respectively. The Arg702Trp (SNP#13) and the Gly908Arg (SNP#26) substitutions are predicted to strongly destabilize a helix in the SH domain and a turn in the LRRs domain, respectively, both of which are likely to decrease protein stability. The frameshift mutation (SNP#35, 1007fs), which also constituted an external branch of H1, was located in the LRRs domain as well. Although this mutation was unlikely to destabilize the overall protein structure, the insertion of a ''C'' generates a truncated LRRs domain (by 33 amino acids) (fig. 4) . The LRRs domain is predicted to include a putative ligand-binding region and the truncation is likely to interfere with the binding ability of this domain. Three of the CD-risk I alleles (SNP#7, 9, and 31) define the root of H1 genealogy in Europeans (fig. 3 ). The r 2 -values between SNP#7 and 9/between SNP#7 and 31 were 1.0/1.0 for Adygei, 1.0/0.9 for Irish, 1.0/0.8 for Russians, and 1.0/0.9 for Danes populations. SNP#7 (Pro268Ser) affects a residue in the flexible hinge between the CARDs and NBD. This amino acid change was predicted to have a small destabilizing effect, although the introduction of the Ser allele was likely to decrease the tendency of the region to be disordered. We infer that the Pro268Ser (SNP#7) substitution mildly affects the conformational flexibility of the linker.
The European-specific substitutions (SNP#27, Ala918Asp; SNP#33, Val955Ile) that appeared on the H2 ( fig. 3) were not CD-risk alleles and were located on the LRRs domain. The substitution Ala918Asp (SNP#21) was predicted to have a strong destabilizing effect on the structure of the LRRs domain, as it replaces a buried Ala residue within a helix with a negatively charged Asp. The substitution Val955Ile (SNP#27) may mildly destabilize a turn between a helix and a strand, but it is likely to have a benign structural effect. Thus, the CD-and non-CD-risk alleles that cause amino acid substitutions and are exclusive to Europeans can result in serious structural changes that may be mildly deleterious.
An Excess of Polymorphisms in NOD2
If the geographic distribution of H1 can be explained by natural selection that has operated on the NOD2 locus, it remains unknown whether the H1 haplogroup that the CD-risk alleles have hitchhiked with has survived through recent or older selection. We set each of the 12 SNPs ( [14] [15] 17, 34, [37] [38] and three CD-risk I SNPs (SNP#7, 9, and 31) as a core SNP site and calculated the EHH in 2.5 Mb regions using HapMap data sets (supplementary fig. 7a, Supplementary Material online) . However, the decay of EHH did not show any evidence of recent selective sweeps, which was also confirmed by iHS (SNP#7, À1.010; SNP#9, À1.119; and SNP#31, À1.139; supplementary fig. 7b , Supplementary Material online). Thus, no data supported the recent sweep model for H1. The three CD-risk I alleles, which define the H1 lineage, are present at low frequencies in African populations ( fig. 2, supplementary table 3 , Supplementary Material online) and most are independently located on non-H1 haplotypes (r 2 -values between SNP#7 and 31: Biaka pygmy, 0.0; Hausa, 0.0; Chagga, 0.7; supplementary table 4, Supplementary Material online). Thus, these CD-risk alleles were present before the Out-of-Africa migration and natural selection may have acted on preexisting (standing) variation in H1. Moreover, we observed an excess of polymorphisms in NOD2, with two times more European-specific SNPs (12 sites; 0.20-6.47%; average frequency 1.36%) than African-specific SNPs (6 sites; 0.81-3.51%; average frequency 2.30%) (table 1,  supplementary table 5 , Supplementary Material online). We investigated the genome-wide distribution for the ratio of European-specific to African-specific mutations using genome-wide data from the Seattle SNPs and NIEHS databases and found that only four loci, including NOD2, had ratios greater than 2.0, which was significantly high compared to wide-range genomic regions (P 5 0.004) ( fig. 5) . To characterize the excess of polymorphisms in detail, we calculated the FLD and FLF statistics based on the sequence data. Both the D and F values were negative only for NOD2 from Europeans (P 5 0.008 and P 5 0.028, respectively) due to the excess of singletons in the external branches compared with total variations (table 1). These results suggest that the European-specific polymorphism pattern on NOD2 is a significant departure from neutrality, showing that while natural selection has not operated very recently, it did so after the divergence between Africans and Europeans.
The Growth Parameters and the TMRCA of the Three Haplogroups
The phylogenetic network shows a star-like topology, which indicates demographic expansion (Di Rienzo and Wilson 1991) , that is much more remarkable in the H2 and H3 haplogroups than in the H1 haplogroup ( fig. 3 ). This indicates that the excess of polymorphisms is mainly due to H2 and H3. To investigate the demographic effect on each haplotype, we estimated the growth parameters (b ML ) and the TMRCA for the three lineages (haplogroups) (table 2). Both H2 and H3 showed signals of population growth (H2, b ML 5 6.5; H3, b ML 5 22.5). In contrast, H1 SNP#7, 13, 26, 27, 33, and 35) identified in the global human population. The NOD2 protein is composed of two N-terminal CARDs (magenta), a helical linker (golden yellow), a centrally located NOD module including NBD (green), an AAA-associated helical domain (orange), a winged helix domain (dark blue), an SH domain (yellow), and 10 C-terminal tandem LRRs (light blue). Black triangles indicate the positions of the six amino acid substitutions and the frameshift, which are marked as red sticks in the predicted structure. The table below the 3D model includes the SNP#, type of amino acid substitution or insertion, the structural context of the substitution (location of domain and secondary structure, solvent accessibility, disorder region), predicted structural change on the basis of sequence and 3D structure, and the possible effect of each substitution. Natural Selection on NOD2 Associated with CD · doi:10.1093/molbev/mss006 MBE showed no influence from population growth (b ML 5 0.13). The H1 TMRCA was estimated to be 160,619 years ago (ya), which was older than those for H2 (89,485 ya) and H3 (43,771 ya) (table 2 and fig. 6a ). This estimate was consistent with the age of the CD-risk allele SNP#31 from the complete NOD2 genealogy of all populations of 173,550 ya (supplementary fig. 8, Supplementary Material online) . Thus, it is likely that H1 already existed before or around the Out-of-Africa migration. Moreover, the appearance of European-specific mutations on H2 and H3 corresponds to the population size expansion, while the relatively older mutations (CD-risk alleles: SNP#13, 26, 30, and 35) have remained in H1 (fig. 6b) . These results suggest that the survival of H1 in Europeans is not due to population growth and the CD-risk alleles have subsequently accumulated on H1, supporting the standing variation model that the putatively advantageous mutation preexisted on H1.
Discussion
We initially analyzed eight CD-susceptibility loci using HapMap data in order to determine whether European-specific susceptibility is due to the exclusive distribution of the CDrisk alleles in the European population and demographic history. The SNPs that we chose in the haplotype analysis are common in all of the populations analyzed and constitute the internal parts of the gene genealogy in humans (Fu and Li 1993) . Hence, the differences in their frequencies among populations reflect recombination, mutation, demography, and natural selection that have occurred subsequent to human dispersal out of Africa (Tishkoff and Williams 2002) . We focused on the NOD2 locus based on the results from our preliminary analysis. The CD-risk alleles and the CD-haplotype (H1: that is a haplotype including CD-risk alleles) showed a CEU-specific distribution. This haplotype frequency pattern was not observed for the other CD-susceptibility loci (supplementary fig. 1b , Supplementary Material online) and was very rare across the entire genome ( fig. 1a, supplementary fig. 3 , Supplementary Material online). Therefore, it is difficult to explain the frequency and geographic distribution of the CD-haplotype as being due to neutral processes, such as spatial migrations in Europe Novembre and Stephens 2008) , but it may be explained by a unique/complicated selective scenario.
Accumulation of CD-Risk Alleles on H1
Our sequencing and SNP typing using global populations demonstrated that four 9, 30, and 31) were shared between Africans and Europeans, and three CD-risk II alleles (SNP# 13, 26, and 35) were specific to European populations ( fig. 2 ). These alleles were not found in East Asians, consistent with previous studies (Croucher et al. 2003; Nakagome et al. 2010) . The CD-risk alleles genotyped in this study may be merely surrogate evidence of CD association for undetected causal variants, and the lack of any associations in East Asians could be due to the lack of representation of index SNPs in DNA arrays or the smaller sample size in the association studies. Although the LD The CD allele (frameshift mutation; SNP#35) specific to Europeans is not included in this analysis. *P , 0.05, **P , 0.01: the significance of observed values estimated by coalescent simulation (1,000) assuming constant population size. Nakagome et al. · doi:10.1093/molbev/mss006 MBE structures defined by the 12 common SNP sites in NOD2 were similar between Europeans and East Asians (supplementary fig. 5a , Supplementary Material online), it is necessary to expand GWAS and deep sequencing analyses to non-European populations to address population-specific susceptibility (Rosenberg et al. 2010) . However, the association of all CD-risk alleles has been reproduced in multiple GWAS (supplementary fig. 4 (Kugathasan et al. 2008; Glas et al. 2010) . European-specific CD-risk alleles (CD-risk II) that result in amino acid changes (SNP#13 Arg702Trp and 26 Gly908Arg) and protein truncation (SNP# 35, 1,007fs) have also been identified by linkage analysis (Hugot et al. 2001; Ogura et al. 2001) . They are likely to be highly heritable risk alleles, with odds ratios of 2.20 (SNP#13), 2.99 (SNP#26), and 4.09 (SNP#35) (Economou et al. 2004) . These odds ratios are higher than those for other complex disease alleles, which usually range from 1.2 to 1.5 (Bodmer and Bonilla 2008) . The external branches of H1 genealogy include higher risk CD alleles specific to Europeans, when compared with those in the root or internal branches ( fig. 3 ). Gene genealogy suggests that these high-risk variants subsequently appeared on H1 after the preexisting CD-risk alleles hitchhiked with H1 in Europeans. Our computational analyses suggest that the amino acid substitutions (SNP#13 and 26) have strongly destabilizing effects on the NOD2 protein structure (fig. 4) , consistent with previous studies demonstrating the functional deficiency of NF-jB activity by in vitro assays (Bonen et al. 2003; Chamaillard et al. 2003) . Furthermore, the frameshift mutation (SNP#35) is predicted to disrupt the binding ability of the LRRs domain (fig. 4) . The LRRs domain is essential for bacterial response to LPS (Inohara and Nunez 2001) . The important part of LRRs domain is located in the C-terminus, and the frameshift mutation results in a truncation of the protein from 1,040 to 1,007 amino acids that completely abolishes responsiveness to LPS (Ogura et al. The observed ratios in NOD2, IL23R, and 10q21 are shown by arrows on the histogram (EAS: the number of East Asian-specific mutations). The EUR/AFR in NOD2 significantly deviates from the distribution (P 5 0.004). The 10q21 and IL23R loci had more AFR than EUR and EAS (table 1), suggesting that our data are not artifacts of the limited resequencing length. fig. 4) and may influence the mutual mobility of these domains, which is likely to have a functional effect. In spite of its predicted effects, this allele along with the other CD-risk alleles of standing variation (SNP#9 and 31) define the root of H1 genealogy and exist as common alleles in European populations (figs. 2 and 3). Therefore, it is likely that the CD-risk alleles were not only originally on H1 but that more causative alleles accumulated on it, suggesting some advantage of H1 to overcome its deleterious effects.
Natural Selection on the H1 in European Populations
The results of our analyses lead us to hypothesize a scenario of natural selection on a standing variation, including a positive selection known as a soft sweep, at the NOD2 locus.
Under such a selective scenario we may, although not necessarily, observe that the advantageous allele is present on multiple haplotypes, whereas a particular haplotype involving the allele is increased in Europeans. Our data meet these conditions. First, our coalescent simulation shows that the frequency distribution of H1 significantly deviates from neutral expectations, suggesting H1 has experienced positive selection in Europeans ( fig. 1b) . Second, the CD-risk alleles define the root and the internal branch of H1 haplogroup genealogy (CD-risk I: SNP#7, 9, 30, and 31) and are found in Africans, albeit at low frequencies, and independently on non-H1 haplotypes (supplementary fig. 6 ). Taken together, it is likely that H1 has experienced negative selection rather than positive selection. Given such a discrepancy, TMRCA estimates often provide an alternate scenario. Our estimation of TMRCA shows the deep coalescent time of the H1 haplogroup before human migration out of Africa (table 2 and fig. 6 ). Although it has been suggested that the method we used to determine the TMRCAs always yields results with large variances (Griffiths and Tavare 1994a; Tang et al. 2002) , the TMRCAs for Europeans reveal that H1 is relatively older than H2 and H3, both of which existed in Africa ( fig. 2, supplementary  table 3 , Supplementary Material online). Combining the best estimate of the H1 haplogroup age and the observation that CD-risk alleles and H1 are present in Africa reveals that the CD-risk I alleles and H1 were present in humans prior to human dispersal out of Africa. The existence of H1 since before the Out-of-Africa migration indicates that its constant frequency may be advantageous in European populations. From these results, we speculate that the best scenario of natural selection at the NOD2 locus would be a ''balancing selection on a standing variation.'' Our data support a pattern of balancing selection. The relatively high nucleotide diversity in Europeans compared with Africans and East Asians ( MBE has been maintained by balancing selection (Hudson and Kaplan 1988; Kreitman and Di Rienzo 2004; Andres et al. 2009 ) rather than directional selection. In contrast, the negative (but not significant) TD (table 1) in Europeans agrees with the expansion and accumulation of rare variants on H2 and H3 but not on H1 (table 2 and fig. 6 ). The ages of European-specific mutations range from old (.10,000 ya; agricultural expansion) to recent (,10,000 ya) ( fig. 6b) , and hence the excess of European-specific mutations could be the result of joint effects of population expansion on H2 and H3 and of balancing selection on H1.
Adaptive Function of H1
In the soft sweep model, it is assumed that standing variation becomes selectively favored and sweeps up in frequency, but before the change in selection, the variation was neutral or mildly deleterious . Our analysis suggests that H1 was likely to have experienced negative selection before humans migrated out of Africa (figs. 2, 4, and 6). Given that natural selection operates on diploids (Morton et al. 1956 ), there are two possibilities to explain the adaptation mechanism of the NOD2-H1 type. Either H1 with H2 (or H3) (heterozygotes) is more advantageous than homozygotes of H3 (or H2), indicating a ''heterozygote advantage'' (Pasvol et al. 1978) , or the intergenic interactions under H1 work better than those under H2 and/ or H3, indicating ''polygenic adaptation'' (Pritchard and Di Rienzo 2010; . NOD2 is known to induce the host response to microbial pathogens or viral infection through interactions with other proteins involved in the NF-jB pathway (Ting et al. 2010) . The three domains (CARDs, NBD, and LRRs) of the NOD2 protein function independently in the pathway. LRR is required to act as an intermediate between the bacterial products and NOD2 by binding directly or indirectly to the cognate peptidoglycan components. Subsequent to this activation step, CARD associates with the receptor interacting protein-2 (RIP2) through homotypic interactions, which activates the downstream cascade (i.e., IjB kinase complex) of the NF-jB pathway. This mechanism of NOD2 signaling implies that the conformational flexibility predicted from Pro268Ser (SNP#7) may result in some functional benefits for the NOD2 protein, which in some environments consequently overcomes the deleterious effects of the NOD2-H1 type itself. Thus, we speculate that balancing selection (or a complex effect similar to balancing selection) at the NOD2 locus has operated in Europeans. Determination of the functional effect of this substitution would provide the evidence necessary to address this hypothesis.
Conclusion
H1 seems to have originated in Africa and been continuously maintained in European populations since the Outof-Africa migration because it has an advantageous effect in European populations. This is an example of natural selection on standing variation (Hermisson and Pennings 2005) , which is more difficult to detect than the classical selective sweep (Innan and Kim 2004) . Nevertheless, our analysis of NOD2 shows that the high-risk CD alleles have been maintained by natural selection (most likely balancing selection) on the standing variation whereby a particular deleterious haplotype is advantageous in diploid individuals either due to heterozygotic advantage and/or intergenic interactions. Such complexity is a remarkable feature of this disease, and we have shown a novel mechanism for maintaining mildly deleterious mutations with substantial frequency in a particular geographic population that does not involve genetic drift or population demography. While we have focused on NOD2, other loci are also of interest. It has recently been reported that another CD-associated gene has experienced a selective sweep (Huff et al. 2012) . Further investigation, such as deep sequencing analysis, would be required in order to identify causative variants in non-Europeans and understand the population-specific susceptibility to CD and other complex diseases. In terms of preventive medicine, we suggest that it is crucial to survey local populations to identify risk alleles of complex diseases that are specific to geographical regions.
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